In this work, a high density of spherical polycrystalline diamond field emitter arrays (SPD-FEAs) were fabricated, using microwave plasma chemical vapor deposition (MPCVD) method. Results obtained from the current-voltage (I e -V a ) characteristics indicate that the impurities heavily influence electron emission. In addition, the emissions current of the phosphorus-doped SDP-FEAs appears to be 25 times larger than the boron-doped and 120 times larger than the undoped SPD-FEAs. © 1997 Elsevier Science S.A.
Introduction
Field emitter arrays fabricated with advanced micromachining technology have received extensive interest as a highly promising electron source for vacuum microelectronics devices.
However, a 'superior' material deemed appropriate for such emitters has not yet been identified. To achieve low voltage and high efficiency for cold cathode operation, the surface work function of a field emitter should be minimized as much as possible. In addition, emission stability is also a critical issue for practical applications. Sharp silicon microtips, although highly attractive for field emitter arrays, are limited by a high work function and low electron conductivity. Such limitations can hopefully be minimized using a surface coated with other materials. Hence, many investigations have examined the surface of silicon micro-tips coated with various materials to enhance their emission efficiency and stability [1, 2] . These studies focused primarily on metal coatings. Recent interest has concentrated on the feasibility of applying CVD diamond films as the electron emitter or cold cathode material in lieu of diamond's unique electrical properties. As expected, diamond films is one of the strongest candidate materials owing to the following reasons: (a) hydrogenated-(111) diamond has a negative or at least an extremely small electron affinity [3] , i.e. an extremely low effective work function, (b) diamond is one of the most chemically and physically stable materials in addition to having the highest thermal conductivity (20 W/cm-°C) [4, 5] among all other materials, and (c) a high breakdown threshold (107 V/cm) and a rather large high-field electron velocity (2.7 × 107 cm/s) would enhance the maximum emission current which is limited by current saturation [6] . Hence, attempts have been made to fabricate low-field diamond field emitter arrays [7] .
In this study, we have developed and characterized a new fabrication technology involving a high density of spherical polycrystalline diamond field emitter arrays (SPD-FEAs) using a microwave plasma chemical vapor deposition (MPCVD) method. The phosphorus-doped SPD-FEAs and the boron doped SPD-FEAs are compared in terms of their fabrication capabilities. In addition, the effects of diamond dopant on field emission properties are discussed. Moreover, scanning electron microscopy (SEM), X-ray diffraction (XRD), Raman spectroscopy and secondary ion mass spectroscopy (SIMS) results confirm the existence of deposited diamond (SPD-FEAs).
Experimental details
The starting substrates were polished p-type, (100) oriented Si wafers having a resistivity of 10-20Q-cm. The wafers were cleaned in acetone, methanol, and DI-water and then dried with nitrogen gas. By using pyrogenic steam, the cleaned silicon wafer was thermally oxidized at 1180°C for 120 min to attain a 1 mm thick SiO 2 layer. Next, the SiO 2 layer was lithographically patterned and chemically etched in a buffered HF/NH 4 F/H 2 O (3:6:10) solution. The layer was then masked with 1 mm SiO 2 , with the patterns having a square-shape of 2 mm width. The distance between squares was 4 mm. The 50 × 50 square-pattern was 0.3 × 0.3 mm in area. After masking, these patterns were RIE etched to a 1 mm depth. Next, the sample was ultrasonically agitated in DI-water containing 0.1 mm diamond powder for 10 min. The sample was then dipped in a buffered HF solution for 20-30 s to etch the SiO 2 layers to about 50-60 nm in depth. After nucleating diamond for 10 min in the chamber, the sample was again dipped in buffered HF to remove the remaining SiO 2 . Finally, the substrate was placed into the chamber in order to selectively deposit diamond films. Fig.  1 depicts the above process.
The reactant gases were the commercial grade H 2 and high purity (99.998%) CH 4 . The results presented here were obtained at a total pressure of 3.3 kPa (25 Torr). The gas mixture used was CH 4 -H 2 , having a ratio of 3.8 vol.% during the nucleation step and 0.7 vol.% during growth. The microwave generator was maintained at 400 W. An optical pyrometer was used to monitor the substrate temperature, which was maintained at approximately 850°C. The duration of the nucleation and the growth were 10 min and 1-1.5 h, respectively. Fig. 2 displays the excellent selective-area growth of SPD-FEAs. , due to the characteristic line of diamond-like carbon [8] .
Results and discussion
The peaks of these impurity doped diamond SPD-FEAs are slightly shifted from the natural diamond peak (1332.5 peak occurs when these dopant sources are introduced into the reactant gases. This occurrence can be accounted for by the lattice strain caused by the dopants [9, 10] . The broad peaks appearing at 1550 cm −1 reveal a reduced domain size for the diamond, thereby suggesting a loss in the diamond's structural perfection. Restated, the methyl radicals (CH 3 ), i.e. a precursor of diamond growth, might decrease the etch- Fig. 3 . The Raman spectra of the selective-area undoped diamond films. Fig. 4 . The I e -V a curve of selective-area undoped diamond films at 2 mmsquare substrate. ing rate and increase in the amount of amorphous carbon or graphite remaining in the doped films [11] .
Figs. 9 and 10 present the secondary ion mass spectrometry (SIMS) depth profile analysis of the doped SPDFEAs. According Figs. 9 and 10, the depth distribution of boron and phosphorus is quite uniform in the measured regions (up to 3000 s, about 1 mm in depth). Also, the boron and phosphorus atoms can uniformly distribute in the SPD-FEAs by using tri-methyl borate and tri-methyl phosphate as the dopant sources in the CH 4 -H 2 gas mixtures.
Figs. 11 and 12 illustrate the I-V characteristics. From the I-V characteristics, the values of (I e ) of the doped SPDFEAs seem to be larger than the undoped ones. The (I e ) of the boron doped SPD-FEAs is around 24.74 mA, and the (I e ) of the phosphorus doped is 119.32 mA. Our previous works [8, 9] suggested that the boron atoms are located in the substitutional sites and the phosphorus atoms are nearly in the inactive sites (e.g. grain boundaries and clustering sites) of the doped SPD-FEAs. Herein, the emission current's value is determined by the number of electrons. Moreover, the phosphorus atoms can supply more electrons because the number of valence electrons is 5. Boron atoms only contribute holes because the number of valence electrons is 3.
Therefore, that the (I e ) of the phosphorus doped SPDFEAs is larger the than (I e ) of the boron doped SPD-FEAs is apparent.
Conclusion
The results of this study demonstrate that impurities heavily influence the emission current (I e ) efficiency. The I e of phosphorus-doped SPD-FEAs and the I e of borondoped SPD-FEAs are 120 and 25 times, respectively, greater than that of the undoped SPD-FEAs. Phosphorus atoms not only tend to migrate to inactive areas (e.g. grain boundaries and clustering sites) but also provide more valence electrons. Therefore, the phosphorus doped SPDFEAs yield more emission current than the boron-doped and the undoped SPD-FEAs. The I e -V a curve of selective-area P-doped diamond films at 2 mmsquare substrate.
